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$\Delta\phi(x)=-f(x),$ $x\in R^{d}$ ,
Green




$q_{j}$ $y$’ \mbox{\boldmath $\delta$} Dirac \mbox{\boldmath $\delta$} (1) #
:
$\phi(x)=\sum_{j=1}qNjc(x-yj)$ . (2)
N $\{x_{i}\}$ \mbox{\boldmath $\phi$}(x
$O(N^{2})$ N
1980 (2) [1, 2, 3]
– Tree $O(N\log N)$
(2)
FFT $e^{ikx}$ Fourier $O(N\log N)$
1987 Tree – L.Greengard VRokhlin
(2) $O(N)$ $[4, 5]$ Fast Mulfipole










$\exp(ik_{X)}$ ( ) Fourier $O(N\log N)$
FFT Fourier –











7 $\mathrm{A}\mathrm{p}\mathrm{p}\mathrm{e}\mathrm{l}[1]$ , Barnes&Hut





































– ( $y_{j}$ ) $0$
$0$
$(y_{j}-y\mathrm{o})^{k},$ $(k=1, \ldots, \lambda)$ .
y $0$ 2
$\ovalbox{\tt\small REJECT}$ 1 $(y_{j}-y_{\tau})^{k}$
2 $L$ $y_{j}$
N
(4) $L=\log_{2}$ N 2
N \mbox{\boldmath $\lambda$}
$O(N\lambda^{2}\log_{2}N)$
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$O( \frac{1}{N})_{\text{ }}$ $O(N(\log_{2}N)^{3})$











$I_{1\mathrm{A}J}-$ } ,I‘ $1M_{-}$
4: FMM
$\mathrm{R}\mathrm{o}\mathrm{k}\mathrm{h}\mathrm{l}\mathrm{i}\mathrm{n}[4]$ Fast Multipole Method(FMM)
FMM
2 $\mathrm{F}\mathrm{M}\mathrm{M}[4]$ 3 [5]
FMM
$\mathrm{A}_{\text{ }}$
$\mathrm{B}$ A $m$ $z_{i}$ , ( $i=1,$ $\ldots$ , m)(
$q_{i}$ ) $z_{A}$ - $\mathrm{B}$ $n$
$w_{j},$ $(j=1, \ldots., n)$ $w_{B}$
$\mathrm{B}$ A
2 2 – $z_{0}$
( $q$ ) \mbox{\boldmath $\phi$}(z)
$\phi(z)$ $=$ $q\log(z-z\mathrm{o})$
$=$ $q \log_{Z}-q\sum^{\infty}k=1\frac{1}{k}(\frac{z_{0}}{z})^{k},$ $(|_{Z|}>|z_{0}|)$ .
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A $z_{A}$
$\phi_{Z}A(Z)$ $=$ $a_{0^{\mathrm{l}\mathrm{o}}\mathrm{g}(-}z \mathcal{Z}_{A})+\sum_{k=1}^{\infty}\frac{a_{k}}{(z-z_{A})^{k}}$ ,
$a_{0}$ $= \sum_{j=1}^{m}qj$ ,





\mbox{\boldmath $\phi$}zl $\mathrm{B}$ \Psi wB :








1. ( $z_{0}$ )
$\phi_{z_{0}}=a_{0^{\mathrm{l}\mathrm{o}}\mathrm{g}(-z_{0}}z)+\sum\frac{a_{k}}{(z-z_{0)^{k}}}k=1p,$ $a_{0}= \sum_{k=1}q_{j}m,$ $a_{k}= \sum_{j=1}^{m}-\frac{q_{j}(z_{j}-z_{0)^{k}}}{k}$ .




3. ( $z_{0}$ )














































Upward Pass Downward Pass
Greengard $\mathrm{R}\mathrm{o}\mathrm{k}\mathrm{h}\mathrm{l}\mathrm{i}\mathrm{n}[4]$














$\text{ _{ }}3$ FMM $\text{ }\dot{t}\ovalbox{\tt\small REJECT}$ ‘ 1997 Acta $\mathrm{N}\mathrm{u}\mathrm{m}\mathrm{e}\mathrm{r}\mathrm{i}_{\mathrm{C}}\mathrm{a}$
Greengard Rokhlin [10] FMM




2 Euler $(\omega)-$ $.(\Psi)$
$\partial_{t}\omega+(u\cdot\nabla)\omega$ $=$ $0$ ,
$\triangle\Psi$
. $=-\omega$ , . $u=(\Psi_{y}, -\Psi)x$ .
\Psi Laplace
$\Psi(x)$ $=$ $\int G(x-y)\omega(y)dy$ ,
$G(x)$ $=$ $- \frac{1}{2\pi}\log|x|$ .
$u(x)$ $=$ $\int K(x-y)\omega(y)dy$ ,
$.K(x.)$ $=$ $\frac{1(-x_{2}.,x_{1})}{2\pi|_{X|^{2}}}$ .
2 \Omega
( 7 ) $a$ $a$
$z(\alpha, t)$ $\alpha$ Lagrange $t$
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$\mathrm{Z}(\alpha,$ $\mathrm{t})$ , $\alpha$ : $\mathrm{L}\mathrm{a}\mathrm{g}\mathrm{r}\mathrm{a}\mathrm{n}9\mathrm{e}J\mathrm{S}^{-}\text{ }\lambda-$
$\mathrm{t}$ :
$\Omega$
: $\mathrm{i}\mathrm{h}=(\mathrm{i}\iota \mathrm{h}, \mathrm{j}_{2}\mathrm{h})$
: $\mathrm{z}_{\mathrm{j}}(\mathrm{t})=\mathrm{Z}(\mathrm{j}\mathrm{h}, \mathrm{t})$
: $\omega_{\mathrm{j}}=\omega$ ( $\mathrm{j}$ h) $\mathrm{h}^{2}$
7:
2
$\frac{dz}{dt}$ $=$ $\int K(z-z(\alpha^{J}, t))\omega(z(\alpha J, t),$ $t)d\alpha$
;
$=$ $\int K(z-z(\alpha’, t))\omega(\mathcal{Z}(\alpha 0;,),$ $0)d\alpha’$ (5)
( )


















$\frac{\partial z^{*}}{\partial t}=\frac{1}{2\pi \mathrm{i}}\int_{-\infty}^{\infty}\frac{d\Gamma’}{z(t,\Gamma)-z(t,\mathrm{r}\prime)}$ .
$*$ Cauchy
$z(t, \mathrm{r}+1)--z(t, \mathrm{r})+1$ ,
Birkhoff-Rott
$\frac{\partial z^{*}}{\partial t}$ $=$ $\int_{0}^{1}K(_{Z}(t, \Gamma)-z(t, \Gamma’))d\Gamma’$ ,





Birkhoff-Rott ( \mbox{\boldmath $\delta$} ) ;
$\frac{\partial z^{*}}{\partial t}$ $=$ $\int_{0}^{1}Ks(_{\mathcal{Z}}(t, \Gamma)-Z(t, \mathrm{r}’))d\mathrm{r}’$ ,
$K_{S}(_{X}+iy)$ $=$ $- \frac{1}{2}\frac{\sinh(2\pi y)+\mathrm{i}\sin(2\pi x)}{\cosh(2\pi y)-\cos(2\pi x)+\delta 2}$ .
167
\mbox{\boldmath $\delta$} well-posed $\deltaarrow 0$
[18] $L^{2}$
[20] . $\cdot$. $\cdot$
:
$\frac{dz_{n}^{*}}{dt}=\frac{1}{N}\sum_{m=1}^{N}Ks(_{Z_{n}}(i)-z_{m}(\iota)),$ $(n=1,2, \ldots., N)$ . (7)
$O(N^{2})$ 2






$\frac{\partial w^{*}}{\partial t}$ $=$ $\int_{0}^{1}K_{\delta}’(w(t, \Gamma),$ $w(i, \mathrm{r}’))$ ,
$K_{\delta}’(w, v)$ $=$ $- \pi iw\frac{(w+v)(w*-v^{*})}{|w-v|^{2}+\delta^{2}}$ .
$\frac{dw_{n}^{*}}{dt}$ $=$ $\frac{1}{N}\sum_{m=1}^{N}K_{\delta}’(wn’ mw)$ .




$z(\mathrm{o}, \mathrm{r})$ $=$ $\Gamma+\frac{1}{2}-2\pi\epsilon(1-\mathrm{i})\sin(2\pi\Gamma)$ ,
$w(\mathrm{O}, \Gamma)$ $=$ $\exp(2\pi \mathrm{i}_{Z(}t, \Gamma))$ .
4 Runge-Kutta
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4 \mbox{\boldmath $\lambda$} 8
Birkhoff-Rott Tree
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3: $N$ $\lambda=14,$ $\delta=0.03$













$\Gamma$ $=$ $\Psi(x)$ ,
$\Psi(x)=\frac{\int_{0}^{x}\emptyset(t)dt}{\int_{0}^{1}\phi(t)dt}$ $\emptyset(t)=\frac{1}{1-a^{2}(l-0.5)^{2}}$ ,
170
$\Psi\in C^{\infty}[0,1],$ $\Psi(1)=1$ , $\Psi(0)=0,$ $\Psi^{;}(\mathrm{o})=\Psi;(1)=0$ .
$a$ $a=25$ $\Psi(x)$
9
$\int_{0}^{1}K_{\delta}(w(\Psi(X), t),$ $w(\Psi(X’), i))\Psi’(x)dx’$ ,
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